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OPTICAL TRACKER SUN INTERFERENCE RESULTS 

Introduction 

This r epor t  presents  the  r e s u l t s  of a  study performed t o  determine 
the  e f f e c t s  of sun in ter ference  on t h e  use of the  o p t i c a l  t r acker  f o r  
navigation during LEM ascent  and rendezvous. 

The d i g i t a l  computer program used f o r  t h e  l inea r ized  e r r o r  analys is ,  
a s  described i n  MSC In te rna l  Note Number 65-EG-11, was a l t e r e d  t o  handle 
mul t ip le  impulse t r a n s f e r s ,  and t o  include sun in ter ference  const ra in ts  
on o p t i c a l  t r acker  measurements, This simulation was then used t o  inves- 
t i g a t e  a r e s t r i c t e d  s e t  of sun in ter ference  e f f e c t s  on the  following 
types of rendezvous t r ans fe r s :  

1. 130' ( a  l imi t ing  case of the  shor t  t r a n s f e r s  advocated by MIT) 

2. 1-80' ( the  nominal Hohmann t r a n s f e r )  

3. 230° (abor t )  

4. Double Hohmann with 60 n.m. intermediate a l t i t u d e  

5 ,  Double Hohmann with 120 n.m. intermediate a l t i t u d e  

6. MPAD, Hohmann t r a n s f e r  t o  30 n.m. a l t i t u d e ,  c i rcu la r i ze  and hold 
parking o r b i t  f o r  26 minutes, 140° t r a n s f e r  t o  rendezvous (45O West land- 
ing s i t e ) .  

7, MPAD, Hohmann t rans fe r  t g  30 n.m. a l t i t u d e ,  c i rcu la r i ze  and hold 
parking o r b i t  f o r  58 minutes, 140 t r a n s f e r  t o  rendezvous (45' East  land- 
ing s i t e ) .  

The r e s u l t s  a r e  presented i n  t h e  form of nominal and RMS f u e l  require-  
ments, and dispersions and uncer ta in t i e s  a t  the  approximate docking i n t e r -  
face. The conclusion i s  t h a t  sun in ter ference  i s  not a  serious l i m i t a t i o n  
on t h e  performance of the  mission. 

Multiple Impulse Transfers 

The program modification t o  handle mult iple impulse t r a n s f e r s  (cases 
4,  5,  6 ,  and 7,  of those inves t igated)  required an assumption on the  
guidance technique t o  be used i n  these  cases. It w.ks assumed t h a t  a  
Lambert's law guidance would be used on a point-to-point f ixed time of 
a r r i v a l  bas i s ,  i . e . ,  t h a t  the  guidance would always t r y  t o  n u l l  pos i t ion  
e r r o r s  a t  t h e  next point  where a nominal t r a n s f e r  veloci ty  impulse was t o  



be i n s e r t e d .  This assumption was based on t h e  f a c t  t h a t  it i s  f a i r l y  
d i f f i c u l t  t o  implement e x p l i c i t  guidance wi th  intermediate  impulses.  A 
s e r i e s  of t e s t s  revea led  t h a t  it i s  necessary t o  use a c t i v e  mid-course 
guidance throughout t h e  t r a j e c t o r y ,  s ince  t h e  Double Hohmanns, i n  par -  
t i c u l a r ,  a r e  very  s e n s i t i v e  t o  out-of-plane e r r o r s  a t  t h e  p o i n t  where 
t h e  in te rmedia te  impulse i s  appl ied ,  and i n  genera l  omission of' 
mid-course guidance during any phase was eventua l ly  more c o s t l y  than  us- 
i ng  it.  

Sun In t e r f e rence  Cons t ra in ts  

The c o n s t r a i n t  t h a t  t h e  t r a c k e r  l i n e  o f  s i g h t  no t  l i e  w i th in  a  30' 
ha l f -angle  cone of t h e  sun- l ine  was imposed by t h e  fol lowing t e s t :  

(5_ a SSL) cos 30' 3 no s i g h t i n g  

where p i s  t h e  l i n e  of s i g h t  u n i t  vec tor  

U i s  a  u n i t  vec tor  toward t h e  sun 
- S L  

However, t h e  shadow o f  t h e  moon permi t ted  a  s igh t ing  p r ~ v i d e d  t h a t  
t h e  CSM was 20° "within" t h e  shadow, i. e ,  

This was t e s t e d  by: 

QSL 
) cos 47' s igh t ing  

- u c s w  em - 
Where &%&s t h e  CSM p o s i t i o n  u n i t  vec to r  

from t h e  moon' s  cen te r .  

This  c r i t e r i o n  should be reasonable,  s ince  t h e  moon's shadow should 
reduce t h e  sun in t e r f e rence  e f f e c t s  enough t o  make s igh t ing  w i t h i n  20 
( i n  t h e  c r i t i c a l  case)  t o l e r a b l e .  

Sun-l ine Geometry 

A s imp l i f i ed  s e t  o f  sun- l ine  condit ions was considered t o  expedi te  
t h i s  i nves t iga t ion .  Based on a  c o n s t r a i n t  proposed by MPAD, only  



sun-l ines wi th  e l eva t ion  of  15 t o  45 degrees with respect  t o  t h e  l o c a l  
v e r t i c a l  a t  t he  landing s i t e  were considered. The o r i g i n a l  cons t r a in t  
was broadened by considering both "morning" and "afternoon" e levat ions .  
This geometry i s  i l l u s t r a t e d  i n  the  following sketch.  

The sun was assumed t o  l i e  i n  t h e  lunar  equa to r i a l  plane,  and 
r o t a t i o n  of t h e  sun-l ine wi th  time was no t  accounted f o r .  Spec i f i ca l ly ,  
fou r  cases were t r e a t e d :  15  degree e levat ions  wi th  e a s t  and west com- 
ponents (low morning and afternoon sun), and 45 degree e levat ions  with 
e a s t  and west components (high morning and afternoon sun).  

Instrument Accuracy 

An o p t i c a l  t r a c k e r  wi th  l ine -o f - s igh t  e r r o r  charac ter ized  by a 
variance of 1. x lom8 rads .  and zero mean was simulated. The remaining 
d e t a i l s  of handling p la t form alinement e r r o r s ,  and t h e  l i k e  a r e  reported 
i n  MSC I n t e r n a l  Note Number 65-EG-11. This t r acke r  accuracy i s  o p t i -  
m i s t i c ,  but  a  somewhat l a r g e r  e r r o r  should s t i l l  produce the  same r e l a -  
t i v e  r e s u l t s  f o r  t h e  evalua t ion  of  sun-l ine in t e r fe rence  e f f e c t s .  

Further  Assumptions 

The e f f e c t  of ear thshine  in t e r fe rence  on t h e  o p t i c a l  t r a c k e r  opera- 
t i o n  was not  included, This i s  r e l a t i v e l y  minor, s ince  it i s  a narrow 
band e f f e c t .  A more important omission was neglec t ing  the  e f f e c t s  of 
CSM ephemeris u n c e r t a i n t i e s  on the  navigat ion.  This should no t  inf luence 
t h e  evaluat ion of sun-l ine in t e r fe rence  on any of t h e  t r a j e c t o r i e s  
examined, bu t  should impose a s i g n i f i c a n t  penal ty  on t h e  long term ( i . e . ,  
Double Hohmann and MPAD) t r a n s f e r s  r e l a t i v e  t o  the  shor t e r  t r a n s f e r s  i n  
t h e  nominal case. This e f f e c t  was not  included because it i s  not  y e t  



c l e a r  how on-board navigation w i l l  handle it, and because a good est imate 
of t h e  covariance of uncer ta in t i e s  of t h e  lunar o r b i t a l  navigation sys- 
tem f o r  current  and predicted accuracies i s  not avai lable .  

Results 

The r e s u l t s  of t h i s  inves t igat ion appear i n  Table I, where severa l  
q u a n t i t i e s  of i n t e r e s t  f o r  a  nominal case and applicable sun-line eleva- 
t i o n s  f o r  each of t h e  t r a n s f e r  types a r e  l i s t e d .  Sun-line elevations 
t h a t  do not  i n t e r f e r e  with any s ight ings  a re  not  l i s t e d .  The tabulated 
quan t i t i e s  requir ing explanation are:  

Mid-course correct ions - t h e  number of correct ions inse r t ed  a s  
determined by a noise r a t i o  t e s t .  For t h e  mult iple impulse 
t r a n s f e r s ,  the  number of correct ions on each a r c  i s  denoted. 

Mid-course (bV RMS - sum of  t h e  square roots  of t h e  t r a c e s  of the  
ve loc i ty  covariance matrices associated with t h e  mid-course 
correct ions.  

Terminal correct ions - the  number of correct ion points  on t h e  
rangelrange-rate rendezvous schedule. 

Summed &,V RMS - sum of the  square roots  of the  t r a c e s  of the  ve- 
l o c i t y  covariance matrices associated with the  terminal  cor- 
rec t ions  p lus  the  mid-course &V RMS. 

PJominalbV - the  sum of a l l  ve loc i ty  increments on t h e  nominal 
t r a j e c t o r y  above c i rcu la r  s a t e l l i t e  ve loc i ty  a t  50,000 f e e t .  

~ R , & v  Disp. - t h e  square root  of the  sum of the  t r a c e s  of t h e  
pos i t ion  or  veloci ty  dispersion covariance matrix p a r t i t i o n s  
& the  approximate docking in te r face  (600-800 f t .  range). 

~ S V  Uncert. - s imi lar  da ta  f o r  the  uncertainty covariance 
matrix p a r t i t i o n s .  

Measurements out - time duration of periods when the  sun i n t e r f e r e s  
with measurements. 

Examination of t h e  da ta  shown on Tables I and 11, a s  wel l  a s  the  bas ic  
p r in ted  output of the  program f o r  the  various cases considered, reveals  
t h a t  the re  a re  only four  cases where sun-line in ter ference  on the  o p t i c a l  
t racker  system would have a noticeable e f f e c t  on t h e  veh ic le ' s  perform- 
ance. O f  these,  th ree  cases w,ere encountered where .the pos i t ion  disper-  
s ions and pos i t ion  uncer ta in t i e s  a t  the  docking in te r face  were s i g n i f i -  
cant ly  l a r g e r  than f o r  t h e  nominal case (no sun-line in ter ference) .  
This r e s u l t  i s  caused by sun-line in ter ference  i n  t h e  terminal  phase. 



These t h r e e  cases ,  i n  order  of increas ing  d i spe r s ions  and u n c e r t a i n t i e s ,  
a r e  a s  fol lows : 

0 
a .  180 nominal t r a n s f e r ,  low af ternoon sun; 

b .  MPAD t r a n s f e r  from +45' longi tude ,  low af ternoon sun; and 

c .  Low Double Hohmann, low morning sun. 

0 
The remaining troublesome case was f o r  t h e  230 a b o r t ,  high a f te rnoon 

sun, where t h e  summed AV RMS was r a i s e d  s i g n i f i c a n t l y  (about 40 f t . / second)  
over t h e  nominal case because t h e  f i r s t  mid-course co r r ec t ion  was delayed 
( ~ p t i c a l  t r a c k e r  blanked out  f o r  approximately t h e  f i r s t  hour) .  The & V  
requi red  t o  complete t h e  docking maneuver f o r  cases  a ,  b y  and c ,  noted 
above, i n  comparison t o  t he  nominal case,  i s  no t  known a t  t h i s  t ime. 
Recently completed docking s imulat ion s t u d i e s  ( t o  be publ ished)  on t h e  
Gemini veh ic l e ,  wherein dockings were made us ing  v i s u a l  cues only, have 
ind ica t ed  an inc rease  of  about 25 f t . / s e c .  i n  t h e  A V  requi red  t o  dock 
from 2000 t o  3000 f e e t ,  compared t o  t h a t  r equ i r ed  from t h e  nominal docking 
range of 600 t o  800 f e e t .  

A s  can be  seen on Table 11, t h e r e  a r e  a  few ins tances  where t h e  
mid-course h V  RMS f o r  t h e  nominal case s l i g h t l y  exceeds t h a t  f o r  c e r t a i n  
sun-l ine i n t e r f e r e n c e  e f f e c t s .  This i s  so because t h e  guidance technique 
f o r  t h e  var ious  t r a n s f e r s  was not  optimized f o r  t h e  nominal case.  For t h e  
high Double Hohmann, high af ternoon sun case,  a  l a r g e  mid-course f u e l  
pena l ty  i s  noted on Table I. Lack of  s i g h t i n g  information f o r  a  s i g n i f i -  
cant  t ime pe r iod  prevented a  mid-course co r r ec t ion  u n t i l  about two minutes 
p r i o r  t o  t h e  end of  t h e  f i r s t  t r a n s f e r .  Since t h e  guidance scheme employed 
nu l l ed  p o s i t i o n  a t  t h i s  p o i n t ,  a  l a r g e  co r r ec t ion  was c a l l e d  f o r ,  and t h i s  
l a r g e  co r r ec t ion ,  i n  t u r n ,  had t o  be compensated f o r  i n  t h e  second phase 
of t h e  h igh  Double Hohmann. A l o g i c  t o  i n h i b i t  co r r ec t ion  wi th in  some 
s u i t a b l e  range o f  t h e  t r a n s f e r  p o i n t  probably would have saved most of  
t h i s  pena l ty .  I n  s h o r t ,  had t h e  guidance system been optimized, it i s  
un l ike ly  t h a t  a  severe AV penal ty  would have been obtained f o r  t h i s  case.  

It should be s t r e s s e d  t h a t  t h e  information presented  above i s  pre-  
l iminary ,  and only  approximate i n  n a t u r e ,  f o r  s e v e r a l  reasons,  t h e  more i m -  
p o r t a n t  ones be ing  a s  fol lows:  The CSM u n c e r t a i n t i e s  i n  p o s i t i o n  and ve- 
l o c i t y  were n o t  included i n  t h e  s imula t ion ,  t h e  guidance schemes f o r  t h e  
var ious  t r a n s f e r s  were not  optimized, and only  t h e  extremes i n  sun- l ine  
in t e r f e rence  were considered. It i s  f e l t  t h a t  t h e  da t a  a r e  of s u f f i c i e n t  
value,  however, t o  conclude t h a t  t h e  e f f e c t s  of sun- l ine  in t e r f e rence  on 
t h e  o p t i c a l  t r a c k e r ,  i n  terms of  veh ic l eAV pena l ty ,  a r e  n o t  p r o h i b i t i v e  
f o r  any of t h e  t r a n s f e r s ,  

Concluding Remarks 

The r e s u l t s  of t h e  p re sen t  s tudy have shown t h a t  sun- l ine  in t e r f e rence  
e f f ec t s  gene ra l ly  r equ i r e  some increase  i n  budgeted f u e l .  Although t h i s  
increase  i s  s i g n i f i c a n t  f o r  c e r t a i n  t r ans fe r - sun - l ine  o r i e n t a t i o n  combina- 
t i o n s ,  t he  pena l ty  i s  no t  p r o h i b i t i v e ,  Because of t h e  pre l iminary  na tu re  
of t h i s  study, t h e  d a t a  presented he re in  should be considered t o  show r e l a -  
t i v e ,  r a t h e r  than  absolu te ,  e f f e c t s .  



TABLE I. Resul t s  o f  t h e  Sun-Line In te r fe rence  Study 



TABLE I, Results  o f  the  Sun-Line In ter ference  Study (page 2 )  



TABLE 11. Transfer Times f o r  Tra jec tor ies  Considered 

Lo Double Hohmann 

H i  Double Hohmann 

3352 f o r  the  f i r s t  phase, a 
t o t a l  of 6821 f o r  f i r s t  two 

3352 f o r  t h e  f i r s t  phase, a 
t o t a l  of 4910 f o r  the  f i r s t  two 
phases and a t o t a l  of 7653 f o r  
a l l  three  phases 


